ABSTRACT Biomedical applications of porous calcium carbonate (CaCO3) microspheres have been mainly restricted by their aqueous instability and low remineralization rate. To overcome these obstacles, a novel symmetry-breaking assembled porous calcite microsphere (PCMS) was constructed in an ethanol/water mixed system using a two-step vapor-diffusion/aging crystallization strategy. In contrast to the conventional additive-induced crystallization method, the present strategy was performed under mild conditions and was free from any foreign additives, thus avoiding the potential contamination of the final product. Meanwhile, the prepared PCMSs were characterized by their highly uniform spherical morphology and large open pores, which are favorable for large protein delivery. An antimicrobial study of immunoglobulin Y (IgY)-loaded PCMSs revealed excellent antimicrobial activity against Streptococcus mutans. More importantly, they showed surprisingly rapid transformation to bone minerals in physiological medium. Evaluation of the in vitro efficacy of PCMSs in dentinal tubule occlusion demonstrated their powerful potential to serve as a catalyst in the repair of dental hard tissue. Therefore, the developed PCMSs show great promise as multifunctional biomaterials for dental treatment applications.
INTRODUCTION
In dental materials research, the construction of inorganic materials with novel structures and high bone activity using facile and environmentally friendly preparation processes has become an important area. Among the inorganic materials being explored in recent years, CaCO3, as one of the main biomineral components produced naturally by organisms, is very suitable for dental treatment because of its excellent biodegradability and biocompatibility [1] [2] [3] . For example, CaCO3 particles have been applied widely as effective desensitizing agents, abrasives, and slow-release agents in the cleaning and repair of dental hard tissue [2, [4] [5] [6] . In particular, CaCO3 microparticles (MPs), with unique porous and high surface area characteristics, show promise because of their significant advantage in loading and controlled release of other guest substances, such as drugs and proteins [7] . Thus, the crystallization and morphological control of CaCO3 as a porous structure have attracted extensive research attention in recent years [8] [9] [10] [11] .
A number of studies to establish porous CaCO3 MPs have been carried out under diverse conditions [12] [13] [14] [15] . Typically, the vaterite polymorph of CaCO3, with its micro-spherical and porous structure, can be fabricated simply via the conventional process reported by Volodkin et al. [16] . However, since vaterite is rather unstable in a humid environment, this porous CaCO3 will easily convert to non-porous rhombohedral calcite overnight [16] . Recently, several modification approaches, such as layer-by-layer electrostatic adsorption, double hydrophilic block copolymers coating, and nanodots embedding, have been attempted to stabilize vaterite MPs [14, [17] [18] [19] . The above foreign impurities can inhibit the nucleation of calcite from metastable vaterite phase. Unfortunately, these strategies generally suffer from complex synthetic pathways and potential additives-induced toxicity, which restrict their practical biomedical applications.
Calcite is the most attractive phase for the construction of porous CaCO3 MPs, because they are more structurally stable than their vaterite counterparts [20, 21] . It is believed that the porous calcite MPs with high surface area could provide multiple new possibilities for medical and dental applications. However, it is a challenge to introduce porosity into calcite MPs because of their uncontrollable crystallization kinetic behavior. One alternative that has been developed is the porous mesocrystals of calcite with peanut-like morphology, which are fabricated from a CO2-H2O-Ca(OH)2 slurry [22] . Unfortunately, organic additives are still required in this synthetic route to generate the pore structure in the calcite product. Moreover, this particle has a rather small pore size, which greatly limits its application for bio-macromolecule delivery [23, 24] . Therefore, developing an additive-free synthetic strategy to prepare porous CaCO3 MPs in the stable calcite form that have large enough pore channels remains a challenge.
In this study, we focused on the design of a new generation of CaCO3, i.e., pure porous calcite microspheres (PCMSs), using a two-step vapor-diffusion/aging crystallization strategy, which may fulfill all the above-mentioned demands. In contrast to the conventional additive-induced crystallization method, the structural manipulation for the desired morphology of PCMSs is based on the inhibitory effect of ethanol on the symmetrical growth of CaCO3. Importantly, the structural stability of the newly designed PCMSs in phosphate-free water solution was maintained for more than three months, which was not a feature of other previously reported porous CaCO3 MPs. Meanwhile, the unique large-pore structure endows PCMSs with high adsorption capacity for antibacterial protein drug, resulting in an efficient antibacterial activity against harmful oral bacteria. Moreover, the performances of PCMSs in remineralization and treating exposed dentin were also investigated.
EXPERIMENTAL SECTION

Materials
Calcium chloride (CaCl2), calcium chloride dihydrate (CaCl2·2H2O), sodium carbonate (Na2CO3), ammonium bicarbonate (NH4HCO3), and ethanol were purchased from Aldrich Sigma and used without further purification. Immunoglobulin Y (IgY) powder was obtained from Equitech-Bio. Teeth samples were obtained from healthy human subjects (20-40 years old) after approval by Shanghai Tenth People's Hospital.
Physical characterization
Scanning electron microscopy (SEM) images were obtained using two different microscopes: a Tecnai G2 F20 and a HITACHI S-4800. Transmission electron microscopy (TEM) images were acquired using a JEM-2100F electron microscope with an accelerating voltage of 200 kV. The TEM size measurement was based on ImageJ 1.40 G software. The UV-vis spectra were acquired on a Shimadzu UV-3101PC UV-vis absorption spectrophotometer. The nitrogen adsorption-desorption curves were obtained on a Micrometitics Tristar 3000 system. The Brunauer-Emmett-Teller (BET) method was used to calculate the specific surface area. Meanwhile, the corresponding pore size distribution was measured by the Barrett-Joyner-Halenda (BJH) method. The Fourier-transform infrared (FTIR) spectroscopy analyses were carried out on a Nicolet 7000-C spectrometer. X-ray diffraction (XRD) diffraction patterns were recorded on a Rigaku D/Max-2200PC X-ray diffractometer using Cu Kα radiation (40 kV and 40 mA) with a scanning rate of 4° min −1 .
Preparation of CaCO3 MPs
The preparation procedure of PCMSs was divided into two steps: self-assembly of primary calcite MPs in an ethanolbased precursor solution and a subsequent aging crystallization process.
In the first step, 400 mL of ethanol with CaCl2·2H2O (10 g) were transferred into a broad-necked flask and then covered with plastic film containing several pores. The broad-necked flask was put into a desiccator along with a bottle of NH4HCO3 (about 100 g). The desiccator was sealed and left at 30°C for 7 days. The color of precursor solution changed to milky white during this process. The white precipitate was collected by centrifugation (10,000 rpm) and washed with ethanol (total volume: 100 mL). In addition, to understand the effect of the water/ethanol ratio R (R represents the volume ratio of water to ethanol) in the precursor solution on the phase selection and morphological change, an anhydrous CaCl2 (0.17 mol L −1 )-containing ethanol solution (R=0) and CaCl2·2H2O (0.17 mol L −1 )-containing water/ethanol mixed solution (R=1/40) were also chosen as precursor solutions for comparison.
In the second step, the freeze-dried products obtained in the first step (about 800 mg) were immersed in a mixed water/ethanol solution (R=1/50) at 30°C for 7 days. Finally, the white precipitate was collected by centrifugation (10,000 rpm) and freeze-dried overnight for further use.
Structural stability of PCMSs
To study the structural stability of the PCMSs in water solution, 10 mg of freeze-dried PCMSs were soaked in 15 mL of deionized water and kept in static conditions at room temperature for three months. The sample was collected by centrifugation (10,000 rpm) for further characterizations.
IgY protein loading process
The PCMS powdered sample (60 mg) was mixed with deionized water solution (7.5 mL) containing IgY protein at an initial concentration of 1 mg mL −1 by a gentle stirring process at 4°C. The sample was collected after centrifugation at 10,000 rpm and washed with water once. The sample was then freeze-dried and stored for further use. The content of IgY loaded in the carriers was determined by UV-vis spectroscopy. Briefly, the supernatant IgY solution was collected by centrifugation (10,000 rpm). The concentration of IgY in the supernatant was measured by UV-vis spectroscopy at a wavelength of 278 nm. The IgY protein loading capacity was calculated using the following equation: IgY loading capacity (%) = 100 × (initial mass of IgY -mass of IgY in the supernatant) / (mass of PCMSs + initial mass of IgY -mass of IgY in the supernatant).
IgY protein release behavior
The PCMSs-IgY (25 mg) was added into a plastic tube containing 12 mL phosphate buffered saline (PBS) solution. Then, the tube was placed in a shaking table with 40 rpm at 37°C. At different time intervals, the supernatants were collected by centrifugation (14,000 rpm) and the concentrations of the released IgY were measured using UV-vis spectroscopy.
Antibacterial property
The inhibitory effects of single PCMSs, free IgY, and PCMSs-IgY were examined against Streptococcus mutans (S. mutans) using a colony counting approach. The IgY concentrations of the free IgY group and PCMSs-IgY group were fixed at 4.5 mg mL −1 . In brief, the S. mutans suspension (about 10 5 colony-forming units (CFU)/mL) was firstly mixed with each sample in a centrifuge tube for 30 s using a vortex mixer. Then, the tubes were incubated at 37°C under anaerobic conditions for 12 h. Afterwards, the diluted S. mutans suspensions were spread on an agar plate and further incubated for 48 h anaerobically. Finally, the CFU on the agar plate was counted for each group.
In vitro study of the transformation of PCMSs into bone minerals
To study the structural transformation of PCMSs to apatite, 20 mg of freeze-dried PCMSs were immersed in 15 mL of PBS solution (1×, pH 7.4) and filtered human saliva, separately. The PCMSs suspensions were kept in static conditions at 37.5°C for different periods (2 and 24 h). In addition, for a comparative study, a typical rhombohedral calcite microcrystal was also fabricated by mixing 0.33 mol L −1 Na2CO3 and 0.033 mol L −1 CaCl2 in deionized water at 25°C for 24 h.
Evaluation of the dentin tubules occlusion
Dentin discs with a thickness of about 2 mm were cut from intact human molars. The dentin discs were then polished using a polishing wheel to obtain an even dentin surface. To open the dentin tubules, the dentin discs were immersed in a 1% citric acid solution for 30 min, followed by ultrasonic washing in deionized water for 10 min.
The PCMSs paste was prepared by suspending PCMSs (50 mg mL −1 ) in a glycerinum solution. The dentin specimen was wetted using PBS solution. Then, 200 μL of the above PCMSs paste was applied on the entire surface of each dentin specimen by brushing with a small toothbrush for 2 min. The treated dentin specimens were incubated in 30 mL of PBS solution and shaken at 80 rpm at 37°C. After 15 min of incubation, the samples were rinsed gently using deionized water to remove the excess products from the dentin surface. The washed samples were then allowed to sit in PBS solution at 37°C. The dentin discs were brushed twice each day (morning and night) for 7 days. For comparison, a commercial CaCO3 in toothpaste (Micro-chalk CaCO3 powders supplied from Omya International, denoted as MCCPs) was also used to treat dentin samples based on the above procedure. All the dentin specimens were freeze-dried before SEM observations.
RESULTS AND DISCUSSION
Synthetic route and structural characterizations of PCMSs
As shown in Fig. 1a , the PCMSs were fabricated in two steps: self-assembly of a primary calcite MPs and a subsequent aging crystallization process. In the first step, ammonia and carbon dioxide were reacted with CaCl2 in a precursor solution with a ratio of water to ethanol of R=1/160 by a vapor-diffusion process lasting for 7 days. Spherical MPs (denoted as SMP1s) with rough surfaces were observed under SEM analysis (Fig. S1a) . Meanwhile, the high-magnification SEM image (Fig. S1b) of SMP1s indicates that the spherical structure comprised a great number of 3-5 nm carbonate nanodots (NDs) with a close stacking architecture, suggesting the existence of amorphous CaCO3 in SMP1. The XRD patterns (Fig. S2 ) of the CaCO3 precipitates collected at different intervals (day 1, 4 and 7) during the vapor-diffusion process indicate that the crystallization degree of the calcite phase was gradually enhanced with time. Thus, a considerable proportion of the amorphous CaCO3 was converted readily into calcite phase because of the presence of water. It is noted that the obtained SMP1s after 7 days of action still showed a relatively broad XRD peak (Fig. S2) , revealing their low crystalline nature. In previous reports, the typical rhombohedral calcite could be formed by the gas-diffusion approach in a pure water system [25] . In comparison, the formation of lowly crystallized and spherical calcite MPs in the present strategy indicates strongly that a different crystal growth pathway using ethanol as dominant solvent had occurred. It is reasonable to believe that the presence of ethanol could greatly reduce the solubility of the amorphous CaCO3 nano-precipitations at the early stage of the reaction, thus retarding the diffusion of their ions and promoting symmetric growth into the most stable rhombohedral calcite [26] .
In the second step, the SMP1s were aged by soaking the samples in a mixed water/ethanol solution (R=1/50) at 30°C for 7 days. Surprisingly, the spherical shaped SMP1s changed into a well-defined inter-connective porous structure upon aging, as shown in Fig. 1b-d and Fig. S3 . The particle size of the PCMSs was in the range of 0.7 to 3.0 μm, (average 1.8 μm as assessed by statistical analysis) (Fig. 1e) . Furthermore, the nitrogen-sorption isotherm (Fig. S4) shows a major capillary condensation step in the relative pressure range of 0.90-0.95, implying that PCMSs possess macroporous structure. BET analysis revealed a high surface area of 24 m 2 g −1 and a pore size distribution of about 20 to 80 nm. As shown in Fig. 1d , the porous structure originated mainly from the void space of symmetry-breaking aggregations among a great number of small sized rhombohedral blocks. To clarify the identity of these building blocks, we further conducted a crystal structure analysis of the PCMSs. The significantly sharp diffraction peaks of calcite and the corresponding highly ordered lattice fringes in a representative building block were observed on the XRD pattern and high-resolution SEM images (Fig. 1f) , respectively, demonstrating that the crystallization degree of SMP1s had been increased significantly after the second-step aging process. More significantly, the unique porous calcite structure of the final PCMSs was constructed, for the first time, using of an additive-free strategy.
For practical use in biomedical applications, including toothpastes, cosmetics, protein encapsulation, and biosensing, the structural stability of CaCO3 in aqueous solutions is highly desired [7, [27] [28] [29] . Previous research showed that porous vaterite samples in the absence of stabilizing additives would convert easily to non-porous rhombohedral calcite under ambient conditions [14] . In contrast, the typical structural features of our PCMSs, including their spherical shape, porous structure, and high-crystallinity, were maintained well after being soaked in deionized water for three months (Fig. S5) . Such high-stability performance of the PCMSs was attributed to the extremely low thermodynamic energy of their inherent calcite phase. Importantly, this phenomenon is significant for the practical application of porous CaCO3, since further stabilization route by adding organic impurities can be completely avoided.
Structural discrimination in water/ethanol binary solution
Three different specific water/ethanol ratios of the binary solution were selected to check the influence of water on the structural discrimination of the final CaCO3 products. The SEM image in Fig. 2a demonstrates that the raspberry-like nanoparticles (NPs) with a uniform particle size of about 110 nm (denoted as RNP1s) were obtained in the first step without adding the water component to the solvent. The amorphous phase of NPs, as confirmed by the XRD diffraction pattern shown in Fig. S6a , indicates that the crystallization process of CaCO3 hardly occurred in the absence of water. The structural stability of amorphous CaCO3 could be ascribed to the blocking effect of ethanol on the particle surface as the transports of Ca 2+ and CO3 2− for crystallization are strongly hindered [30] . Furthermore, after the aging process in the second step, spherical shaped vaterite NPs of about 700 nm (denoted as VNPs) were obtained, comprising small substructures with a similar size to the RNP1s, as seen from the SEM image (Fig. 2b ) and XRD analysis (Fig. S6b) . Thus, the growth of the VNPs during the aging process seemed to occur by the combined actions of the random aggregation of amorphous RNP1s and a vaterite-oriented crystallization process.
Furthermore, with an increase of the R-value to 1/160 in the first step (by replacing CaCl2 with its hydrated counterpart CaCl2·2H2O), SMP1s with non-porous and spherical morphologies were obtained in the first step of reaction. Compared with the RNP1s obtained in the water-free system, the SMP1s showed significantly larger particle sizes (Fig. 2c) . Based on this result, we speculated that the water molecules in the reaction system might be involved in bridging the hydrogen bond networks across the interfaces of the primary CaCO3 NDs, thus leading to the formation of micrometer-sized aggregates. Furthermore, after the aging process, the observed rhombohedral building blocks of the PCMSs were significantly larger than that of the carbonate NDs of the SMP1s (Fig. 2c, d) , revealing that the primary NDs have the tendency to decrease both their bulk lattice energy and surface energy by inter-particle fusion and subsequent crystallization [31] . Considering the co-existence of amorphous CaCO3 and calcite in SMP1s, as noted above, the growth of rhombohedral building blocks in our PCMSs seemed to have occurred by the oriented fusion of amorphous CaCO3 units onto the adjacent calcite surface because of the relatively stronger dipolar field for calcite phase. For this reason, it is easily understood that the local void space can be formed after the amorphous CaCO3 molecules moved away from their original position, thus leading to the formation of porous structure in PCMSs.
With a further increase of the R-value to 1/40, two kinds of morphologies were obtained in the first step (Fig. 2e, f) : a majority of idiomorphic non-porous calcite rhombohedra crystals, and a minority of flower-like crystals that were confirmed as the vaterite phase by XRD characterization (Fig. S6c) . The obtained polymorphs were similar to those of previously reported CaCO3 precipitations formed in absolute water [30] , revealing that the ethanol solvent effect on the polymorph discrimination became weaker when the R-value was above 1/40. Meanwhile, we noted that the vaterite in the mixture continued to readily convert into calcite during the aging process in the second step, which was confirmed by the significant increase in the calcite/vaterite intensity ratio in XRD diffraction (Fig. S6d) . This result was consistent with the prevalent vaterite-to-calcite transformation mechanism whereby vaterite, with a metastable phase and a high surface area, had the tendency to undergo a dissolution and recrystallization process to become the more stable calcite phase [14] . On the basis of the above results, we found that the polymorph and morphology of the CaCO3 precipitate could be controlled accurately by selecting specific water/ethanol ratios in the binary solution via a CO2 vapor-diffusion reaction. Meanwhile, the results indicated that the presence of a tiny proportion of water was favorable to induce a spherical/porous calcite polycrystalline structure. More importantly, we hypothesized that more particular structures, besides PCMSs, could be fabricated by further manipulation of the thermodynamics and kinetics of crystallization, based on the present additive-free synthetic strategy, to satisfy different requirements in biomedical applications.
Antibacterial protein loading capacity of PCMSs
The PCMSs are expected to be applied in gene and protein delivery because of their highly open, large pores and large surface area. In this study, IgY, possessing a high molecular weight of about 180 kDa and efficient antibacterial activity [32] , was employed as a model drug protein to investigate the encapsulation efficiency of PCMS. To load IgY into PCMSs, the PCMSs powders were mixed with deionized water solution containing IgY protein (1 mg mL −1 ) through a gentle stirring process at 4°C. Meanwhile, a typical rhombohedral calcite microcrystal (denoted as CMCs; the morphology of CMCs is shown in Fig. S7 ) was used as counterpart sample to determine the effect of the pore structure on the drug loading capacity. As shown in Fig. 3a , the FTIR spectrum of IgY loaded PCMSs (PCMSs-IgY) shows a specific absorption peak at 1648 cm −1 , originating from IgY molecules, which confirms that IgY had been loaded successfully into the PCMSs. The IgY loading efficiency of PCMSs was measured to be about 31%, which was much higher than that of CMCs (about 9.4%). Meanwhile, their loading capacities, defined as the total loading of IgY in per unit mass of IgY loaded CaCO3, were calculated as approximately 72.0 mg g −1 and 23.0 mg g −1 for PCMSs and CMCs, respectively (Fig. 3b) . The above results demonstrated that the PCMSs are beneficial for high-capacity protein adsorption, probably because of their unique large surface and open structure, which provide plenty of active sites and physical space for protein adsorption. Furthermore, we studied the IgY release behavior from PCMSs. As shown in Fig. S8 , the accumulated release proportion of IgY is about 40.9% in 1 h, and 82.9% in 8 h. Based on this result, we believed that IgY could release relatively slowly from PCMS in actual oral environment and thus retain their therapeutic value over an extended period compared with the free IgY formulation.
Antibacterial performance of PCMSs-IgY
Furthermore, to evaluate the antibacterial performance of the PCMSs-IgY, S. mutans, which generally causes severe tooth demineralization and cavity formation, was chosen as the representative bacterial model in this study [33, 34] . The inhibitory effect of three samples (PCMSs-IgY, pure PCMSs, and free IgY; the IgY concentration was fixed at 4.5 mg mL −1 for IgY-containing samples) were examined against S. mutans, based on the colony counting approach (Fig. 4a) . Fig. 4b shows typical images of the agar plates onto which a certain volume of S. mutans medium was re-cultivated after co-incubation with each sample for 12 h. To compare the inhibitory effect between each treatment quantitatively, the corresponding CFU on the agar plate was counted, as shown in Fig. 4c . The results showed that pure PCMSs had a negligible antibacterial effect on S. mutans. By contrast, the surviving S. mutans counts of two IgY-containing samples (free IgY and PCMSs-IgY) showed a log reduction of 4.8 and 5.3, respectively, compared with that of the control group. More importantly, the inhibitory effect of PCMSs-IgY was higher than that of the free IgY formulation. This revealed the positive influence of PCMSs as antibacterial protein carriers, which was mostly attributed to the sustained release behavior of the IgY protein. Hence, the obtained results indicated that PCMSs-IgY could inhibit the growth of oral bacteria efficiently based on an antibacterial protein delivery strategy.
High performance in remineralization and occluding of exposed dentin Recently, efforts have been made to construct novel CaCO3 materials possessing high-performance bone bioactivity, because of increasing interest in the fields of bone implantation and dental treatment [35] . In this study, the PCMSs were immersed into a PBS solution (1×) at 37°C and collected at different time intervals (2 and 24 h) to measure the rate of apatite formation. Meanwhile, the solid CMC, as mentioned above, was also employed as a reference sample to compare the effect of the unique porous structure on the mineralization process of CaCO3. Interestingly, a significant change in surface morphology to lath-like aggregations was observed for PCMSs after being immersed in PBS for only 2 h (Fig. 5a and Fig. S9) , which was markedly different from their high-stability performance in deionized water. Furthermore, the crystal structure change of the PCMSs after incubation was investigated qualitatively using Raman spectroscopy ( Fig. 5b and Fig. S10 ). As can be seen from Fig. 5b , the characteristic peaks of calcite at 156, 282, 713, and 1087 cm −1 for PCMSs [36] were observed after 2 h of incubation. Instead, strong peaks for P-O symmetric bending vibration at about 431 cm −1 , O-P-O antisymmetric bending vibration at about 591 cm −1 , and P-O symmetric stretching vibration at about 962 cm −1 were observed, which are ascribed to the formation of hydroxyapatite [37] . Thus, the above results confirmed a complete conversion of PCMSs to hydroxyapatite within 2 h. In addition, the SEM image in Fig. 5c shows negligible morphological change of the lath-like MPs after incubation for 24 h, indicating that hydroxyapatite is the final product of the transformation route for PCMSs.
In contrast, for the reference CMCs sample, only a few lath-like agglomerates with a nanometer particle size were observed on the surface of the rhombohedra MPs after 2 h of incubation ( Fig. 5d and Fig. S11) . Meanwhile, the Raman spectrum in Fig. 5e shows that the absorbance peaks for calcite and hydroxyapatite co-existed, with the major peaks for calcite being significantly stronger than those of hydroxyapatite, demonstrating that only a small proportion of the CaCO3 on the particle surface was converted to apatite within 2 h. Furthermore, after incubation for 24 h, the characteristic peaks of calcite seem to disappear in the Raman spectra (as seen in Fig. S12) ; however, the existence of a smooth surface morphology in certain Fig. 5f indicates the unreacted rhombohedral calcite. (e) Raman spectrum of CMCs after soaking in PBS for 2 h. C indicates the characteristic peaks of calcite. Only a minority of calcite converts to hydroxyapatite structure for CMCs within 2 h. place was observed on the SEM image (Fig. 5f) , revealing that the transformation was not complete.
The above in vitro experimental results demonstrated that the PCMSs have higher reactivity for the transformation to hydroxyapatite in PBS compared with conventional CMCs. The porous structure could provide a high-volume reservoir for the adsorbed phosphate ions, thus accelerating the generation of a local ions supersaturation condition for the precipitation of hydroxyapatite crystals [38] . Such rapid transformation to apatite could also be achieved when immersing PCMSs in other biological media, such as the filtrated human saliva (Fig. S13) . Therefore, we hypothesize that rapid remineralization of PCMSs will be feasible under various biological conditions. Dental hypersensitivity is an acute dental disease that generally occurs when the tubules open at the dentin surface and become exposed to the oral environment [39] . Among various desensitizing approaches, occluding the dentinal tubules by depositing dentin-biomimetic minerals into the dentinal tubules, has received most attention owing to its rapid and noninvasive nature [4, [40] [41] [42] . The rapid transformation of PCMSs to bone minerals has been confirmed under different conditions in this study; therefore, it is anticipated that this newly-designed material could exhibit high performance in treating sensitive teeth. To evaluate the effectiveness of PCMSs on dentin tubule occlusion, a simple in vitro study was conducted by brushing the dentin surface with the PCMSs in glycerinum. Meanwhile, the most used CaCO3 in current commercial toothpaste (MCCPs) was also employed for comparison. As shown in Fig. 6a , the dentin tubules were completely open in the untreated dentin specimen. In contrast, a considerably high density of porous products within the tubules was observed (Fig. 6b and Fig. S14 ) after the dentin specimen received sequential treatments by brushing the dentin surface for 2 min and incubation in PBS for 15 min. The superstructures of the porous particles and dentin could be distinguished clearly when viewing the specimen under high magnification (Fig. 6c) . Meanwhile, we also observed the structural collapse of spherical MPs, demonstrating that the remineralization of PCMSs occurred upon rinsing in PBS. Importantly, Fig. 6d , e and S15 show that the tubules were completely occluded after repeatedly brushing with PCMSs twice a day for 7 days. Meanwhile, as seen in Fig. S16 , the cross sectional view of the teeth in the PCMSs group shows that part of the tubules contains a crystalline precipitate. However, for the teeth in the MCCPs group, the occlusion of the open dentinal tubules was insufficient (Fig. 6f and Fig. S17) . The above results confirm that PCMSs are highly efficient for occluding open dentinal tubules. Fig. 6g illustrates the possible formation mechanism of the minerals within dentinal tubules after treatment with PCMSs. PCMSs are smaller than common dentinal tubules; therefore, they can penetrate easily into the tubules by mechanical brushing. Afterwards, the phosphate ions in the PBS buffer permeate into the tubules and react rapidly with embedded PCMSs to form apatite crystals under the same transformation mechanism as that of the non-dentin containing system mentioned above. Collectively, these findings suggest that PCMSs can not only inhibit demineralization efficiently based on an antibacterial protein delivery strategy, but also can enhance remineralization of damaged teeth as a fast-reacting biomaterial.
CONCLUSIONS
In summary, newly designed calcite microspheres, featuring a symmetry-breaking assembled porous structure, were prepared successfully using a two-step vapor-diffusion/aging crystallization approach. The building blocks of PCMSs are the high-stability calcite phase, and their morphological characteristics, including a spherical shape and porous structure, were maintained well in deionized water for more than three months, without the need of any foreign stabilizer. Meanwhile, the PCMSs exhibited high adsorption capability for IgY, leading to an enhanced antibacterial effect against oral bacteria S. mutans. Significantly, the results demonstrated that the PCMSs possessed rapid remineralization ability, and could be fully converted into bone minerals within 2 h when soaked in physiological media. The PCMSs could also occlude dentinal tubules efficiently, confirming their powerful potential as catalysts in the repair of dental hard tissue. Therefore, the developed PCMSs possess multiple advantages in terms of their preparation strategy, structural properties, and medical functionalities, which show great potential in the repair of dental hard tissue.
